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The laboratory-derived calcite dissolution rate law of 
Plummer et a l . (1978) is the most widely used and 
mechanistically detailed expression currently available for 
predicting dissolution rates a s a f unction of water chemistry. 
Such rate expressions are of great use in understanding 
timescales associated with limes tone karst development. 
Little work has gone into the field testing of the rate law 
under natural conditions. 
This work compared measured dissolution rates measured by 
a crystal weight loss expe J..-;me nt in Buffalo Creek within 
Fort ' s Funnel Cave, which lies within a pristine , forested 
catchment of Mammoth Cave National Park. Continuous water 
chemistry sampling over the same period allowed a time-
integrated prediction of the dissolution based on the Plummer 
e t al. (1978) expression. Results indicate that the rate law 
overpredicted dissolution by a factor of about ten. This 
concurs with earlier laboratory work suggesting that the law 
tends to overpredict rates in solutions close to equilibrium 
with respect to calcite, as were the waters in this study. 
viii 
Estimating dissolution rates with the expression under 
varying hydrologic conditions also allowed a prediction of 
storm scales change in cave forming processes. Neglecting 
effects of sediment masking on the bed, it was found that 78% 
of the work done in the dissolution of the cave passage during 
the study period occurred at or around baseflow conditions, 
with only a small amount during the effective but infrequent 
high flow conditions. 
ix 
Chapter 1 
Introd.uction 
Carbonate bedrock, which is predominantly limestone, is 
present and in contact with many type s o f groundwater in 
approximately 20% of the contiguous United States. This 
bedrock, normally overlain with thin soils, produces karst 
landscapes that have distinctive features such as caves, 
sinkholes, and a pronounced lack of integrated surface 
drainage. Calcite dissolution proces ses are at work in 
forming these features, and a considerable amount of effort 
has gone into understanding the details of these processes. 
Before discussing any previous calcite dissolution 
research, it is important t o understand the terms 
thermodynamics and chemical kinetics . They both are involved 
in any chemical reaction but describe two different entities 
of the reaction in question, whether it b e in carbonate rocks 
or other geologic materials. Thermodynamics is associated 
with the behavior of a chemical reaction, and allows 
prediction of the direction that a reaction will proceed under 
a given set of conditions. 
Once we have determined the direction in which a chemical 
reaction is progressing, chemical kinetics is concerned with 
1 
how fast it is taking place. 
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It is related to the study of 
the speed or rate of chemical reactions under various 
conditions . The speed or rate of a chemical reaction occurs 
because of the following : collision frequency * energy factor 
* probability factor (Kotz and Purcell 1987, Williams et al. 
1978). Three principle parameters of calcite dissolution 
reactions affect the previously mentioned circumstances. They 
are temperature, pressure, and concentration of the system 
being analyzed. Because the reactions within karst landscapes 
occur under a relatively small range of temperatures and 
pressures, the most important element in calcite dissolution 
kinetics is the concentration values within the system. With 
higher concentrations of reactants in a system, collision 
frequencies grow and reaction rates increase. Decreasing the 
concentration of reactants will slow the reaction rates. 
Through experiments, relatio . ~hips between reaction rates and 
the concentrations of reactants can be determined and 
expressed mathematically. These are called kinetic rate laws, 
and they are used to calculate the mass of a particular solid 
chemical species that is dissolved per surface area per time. 
Berner and Morse (1974) obtained experimental data on 
calcite dissolution kinetics over a wide range of water 
undersaturations with respect to calcite that could appear in 
natural situations. They determined the rate of calcite 
dissolution as a function of the water undersaturation. The 
experimental data were plotted on an XY graph of departure of 
3 
Saturation Index (51) from that at equilibrium versus 
dissolution ra.te, and the results indicated three distinct 
regions of dissolution rates (Fig. 1). Region 1 was in effect 
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F1qure 1. Rate of calcite dlssolutlon as 
a function of undersaturation. Berner and 
Morse (1974). 
when waters were far from equilibrium and . highly 
undersaturated. This type of water exists at pH levels 
between 2 and 4, which are unlikely to occur in natural karst 
settings. Region 2 indicated calcite dissolution rates 
partially dependent upon CO2 pressure and occurring at higher 
pH values (i.e., above 4.0). Hence, the dissolution rates 
were slower than in Region 1, but normal karst waters normally 
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function within this region. Region 3 begins close to 
equilibrium where saturation of solution with respect to 
calcite is 90% or greater, and it is where accurate 
dissolution rates become difficult to predict. Calcite 
dissolution rates drop suddenly by several orders of 
magnitude. 
Plummer and Wigley (1976) described the approach to 
equilibrium quantitatively: 
dCa 
= Cit ( 1) 
where Ca = molal concentration of ca++, the subscript s = 
saturation, A = surface area, V = solution volume, t = time, 
and k = a reaction rate constant. q 
White (1977) used equation (1) to describe the initial 
development of a solutional f~acture into a cave passage, and 
described a series of steps that represent the dissolution 
process at the atomic scale. The typical calcite dissolution 
model assumes that the calcite surface is isolated from the 
bulk water solution by a thin stationary fluid boundary layer. 
consideration of how specific ions behave within the bulk 
solution, boundary layer, and calcite crystal surface is 
essential in understanding calcite dissolution kinetics. 
white explained these processes on the atomic scale in seven 
steps (Fig. 2). 
1. Hydration of aqueous CO2 to form carbonic acid. 
BuIlt >O!ut;on 
-- - - - - --- -
CI" COj c, " COj C. " COj 
/; / / c," Ii /i 7 / /; /~,<C~o, / / / 
Figure 2. Steps of calcite disso l ution in 
CaCO)-H 20-C02 solutions . White ( 1977 ) . 
2 . Ionizatio n of the carbonic ~ c id t o form a bicarbonat e 
ion and a proton. 
3. Transport of the proton through the bound ary layer to 
the solid sur face , where it is adsc rbed. 
5 
4. Reaction of the proton with a carbcna te ion on the ~ 
s urface to form a second bicarbonate i on. 
5 . Desorpt ion of the second bicarbona~e ion and its 
diffusion across the boundary laye= into the bulk 
solution. 
6. Release of the calc ium ion from the crystal . 
7 . Diffusion of the calcium ion ac ros~ the boundary layer 
into the bulk s o lution. 
The s l owest step among t hese processes controls the rate 
of the overall calc;::ite di s solut i on p r ocesses. Three potenti a l 
6 
limiting steps have been identified for calcite dissolution 
processes: 
1. CO2 hydration, 
2. diffusion, and 
3. surface reaction. 
The aqueous CO2 hydration limiting step occurs within the 
bulk solution to form carbonic acid. Dreybrodt (1981) 
suggested that CO2 hydration may limit dissolution rates at 
very high surface area to solutional volume ratios, for 
example in very thin fractures. 
The diffusion limiting step occurs within the stationary 
boundary layer present between the bulk solution and the solid 
calcite surface. Turbulent or rapid water flow, which most 
cave and surface streams maintain, produces thinner boundary 
layers-- whereas, slow water flow maintains thicker boundary 
layers. 
can be 
Even with a thin bo~ndary layer present, diffusion 
a rate limiting factor of calcite dissolution 
processes. As a limiting step, diffusion involves the rate at 
which specific ions move across the stationary boundary layer 
either toward the solid calcite surface or the bulk solution. 
If ion transfers across the boundary layer are slower than the 
other two potential limiting steps, this will be the 
regulating calcite dissolution step. It was assumed due to 
the turbulent flow rates within Fort's Funnel Cave that 
diffusion was not rate-limiting. 
The actual chemical reaction rates occurring upon the 
7 
calcite surface can also be limiting steps to calcite 
dissolution processes. with rapid and successful completion 
of the other potential rate limiting steps, the speed at which 
reactions occur at the crystal surface may dictate the speed 
of the overall calcite dissolution process. It was assumed in 
this study that surface reactions were rate-limiting. 
Plummer et al. (1978) concluded that there exist three 
simultaneous forward mechanisms that described the calcite 
dissolution process. They are represented by 
CaC03 + HO .. Ca· :;I + HCOj (2) 
(3 ) 
(4) 
A single comprehensive rate law originated from combining 
information on the rates of 2 thru 4 with a back-reaction rate 
statement . The back reaction describes the decrease in the 
calcite dissolution rate as the system approaches equilibr 4 '1m, 
where net dissolution rate will equal zero. The rate 
expression is 
(5 ) 
where Kl through K3 are t emperature dependent rate constants, 
8 
ai is the activity of species i, and 
where K2 and Kc are equilibrium constants, and k'l is the 
effective rate constant for H+ ions a t the crystal surface. 
cumulatively, this rate law predicts the calcite dissolution 
rate as a function of water chemistry. 
Morse (1983) discussed the effects of impurities or 
foreign ions upon the kinetics of calcite dissolution, 
especially when approaching equilibrium. These impurities can 
affect the reaction kinetics in two primary ways. First, ions 
within the solution will form complexes with the reaction 
ions. This effect would a lter the activity coefficients, and, 
in turn, the saturation st~te of the solution, and the rate at 
which calcite dissolution occurs. Secondly, these foreign 
ions can be adsorbed onto the surface of the reacting solid, 
a t high-energy sites, inhibiting dissolution processes. 
cations can cause a concurrent increase in surface carbonate 
concentrations, and anions can cause an increase in surface 
calcium concentrations. These high-energy sites are kinks, 
holes , steps, etc., upon the crystal surface where dissolution 
takes place. 
White (1984) also examined the chemical kinetics of 
calcite dissolution. He carried out experiments that provided 
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better control over ion transport processes through the 
stationary boundary layer than previous efforts, and he 
examined the range of applicability of the Plummer et a1. 
(1978) rate equation. Discrepancies over the rate limiting 
steps arose at high undersaturations and near equilibrium . At 
high undersaturations, Plummer et al. (1978) stated that the 
H+ transported through the boundary layer is the rate limiting 
step, but White (1984) concluded that the hydration of aqueous 
CO2 to form H2 C03 is the rate limiting step. The latter 
supports the argument that HZC03 is the most critical 
parameter in surface karst processes, many which operate out 
of equilibrium . 
White's (1984) data also refers to a less rapid 
approach to equilibrium from the 90% saturation of solution in 
region 3 (Figure 1) indicated by Berner and Morse (197 4). A 
less rapid approach 
undersaturated waters 
cont:ibutes to the presence of 
found at depth within carbonate 
aquifers. The kinetic trigger discussed by White (1977) is 
allowed to occur if slower rates are observed when approaching 
equilibrium. The kinetic trigger effect discus~ ~s 
undersaturated water, with respect to calcium, entering a 
limestone system at time zero. The undersaturated water will 
rapidly dissolve the limestone for x meters. Once the water 
approaches equilibrium, saturation with respect to calcium 
increases and calcite dissolution rates slow down. However, 
the calcite dissolution rate does not completely stop . The 
10 
saturated water continues to dissolve limestone, but at a much 
slower rate. This effect allows future undersaturated water 
to extend farther into the limestone system, and overall it 
expedites cave conduit formatio.n . 
.. 
Dreybrodt (1990) represent¢d the above effect by modeling 
the evolution of a 
rectangular fracture 
with set initial 
parameters (Figure 3). 
For times less than 
45,000 years, there is a 
smooth decreasing width 
of the fracture. A 
decreasing fracture 
width is due to water 
quickly becoming 
saturated with calcium; 
thus, the dissolution 
rates are determined by 
slow fourth-order 
10' 
, 
13 • 10 ,.,.,.. 
10"~~ 
o 20000 40000 60000 110000 100000 
length (em) 
Figure 3. Profile of rectangular 
fracture development through time. 
Dreybrodt (1990). 
kinetics near equi librium. As the fracture enlarges, 
undersaturated water discharge through the fracture increases, 
and first-order kinetics, which cause rapid dissolution, 
penetrate farther into the fracture. Rapid dissolution-
becomes apparent after 54,000 years. Eventually, first-order 
kinetics will be active throughout the fracture, and bedrock 
11 
will constantly retreat along the entire fracture. 
Palmer (1991) applied a combination of two equations 
which result in a smoother transition of rates as equilibrium 
is approached. Within equation 1, he replaced the term (C.-C) 
with the dimensionless form (l-C/ Ca ) so as to nullify unit 
changes for the constant and reaction-order expressions. The 
mass-balance equation for the rate of increase within a cave 
passage, in cross-sectional area, is indicated below: 
dA = 31.56Q d C cm' /yr 
dt P, dL m 
where Q is discharge of water through the passage, dC/ dL is 
the increase in concentration of dissolved bedrock with 
distance, and Pr is rock density. Equation 7 was then 
combined with the new version of equation 1 to give the 
solutional retreat of wetted surface equation: 
31. 56k( 1- c / c.)n S = cm/ yr p, (8 ) 
Second-order reactions are prominent within the water's 
undersaturation zone away from equilibrium where calcite 
dissolution occurs rapidly. As equilibrium is approached with 
respect to calcium, the water becomes saturated, and fourth 
order reactions begin to occur which slow the calcite 
dissolution rate. 
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Even though the chemical kinetics of calcite dissolution 
have been studied in some detail, there is more to be done. 
All the above research was done within a laboratory setting. 
Palmer (1991) commented on the lack of actual field data to 
compliment and calibrate rate l aws and said, "field 
measurements combining enlargement rate with mean-annual water 
chemistry are almost non-existent . " Of the few field based 
measurements that have been made (Groves, 1992; Wicks and 
Groves, 1993), storm-scale changes in dissolution rates were 
not considered. 
The purpose of this research is to determine predicted 
calcite dissolution rates in the field using the rate law of 
Plummer et al. continuously over a r ange of flow conditions, 
and to measure dissolution rates directly using a crystal 
weight loss experiment. 
with this information, t he following will be possible: 
1. Determine changes in rates associated with 
changing hydrologic behavior . 
2. Compare predictions of t he empirical rate law 
to measured dissolution rates, under typical 
conditions of karst aquifer development. 
3. Determine whether baseflow conditions or storm 
events are more influential in developing cave 
conduits. 
13 
Chapter 2 
II. Researcb and Design 
This research took place within Mammoth Cave National 
Park (Figure 4). Upon receiving permission from the National 
Park Service for this study, and after field reconnaissance of 
several areas, Fortis Funnel Cave was chosen (Figure 5). It 
is located within the Buffalo Creek Drainage Basin, which lies 
north of the Green River, and is formed in ste. Genevieve 
limestone. 
The basin drains one of the most remote and pristine 
sections within Mammoth Cave National Park. with minimal 
influence of contaminantG inside the drainage basin, study of 
calcite dissolution rates could be undertaken without the 
complications of foreign ions to the water chemistry. The 
influence of foreign ions (Morse, 1983; Buhmann and Dreybrodt, 
1985) was shown to affect calcite dissolution rates. 
A four week sampling period was undertaken, which ran 
from April 25, 1993 to May 27, 1993. Mammoth Cave National 
Park offered the use of vital research equipment: a model 
21X datalogger from Campbell Scientific, which recorded 
continuous stage height, water temperature, and time, a 
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Manning automatic water sampler, a Beckman model 10 pH meter, 
and access to the remote area. 
The Buffalo Creek drainage basin consists of 
approximately 20 km2 with about 10 km2 existing upstream from 
Fort ' s Funnel Cave . The basin is drained by the Wet and Dry 
Prongs. Fort's Funnel cave exists along the Dry Prong side of 
the basin. The Dry Prong has its headwaters on Big Cl ifty 
sandstones and sinks into major Girkin limestone swallets at 
Mill Branch, Raymer Hollow, and Dry Prong. The stream then 
travels downstream underground into and through Buffalo Creek 
Cave, Fort's Funnel cave, and eventually the underground 
stream arrives at Buffalo Spring which is located along the 
Green River (Figure 5). 
Fort's Funnel cave is not easily accessible. A eight 
kilometer four-wheel drive trek along Collie Ridge Road 
started each trip to the ca,.:e . Upon parking the automobile I 
a ten minute walk was necessary to reach the 10 meter pit 
entrance of Fort's Funnel Cave. The automatic water sampler 
and datalogger were located approximately 15 meters from the 
bottom of the pit (Figure 6). 
The automatic water sampler was programmed to draw 
s amples at four hour increments. The datalogger recorded 5 . 08 
e m stage height fluctuations, continuous water temperature, 
and five minute time readings. Water samples were collected 
every third day. During every sample collection, data were 
downloaded, current cave stream water temperature a nd pH 
Figure 6. Map of 
park, Kentucky . 
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Fort' s Funne l Cave , Mammoth Cave National 
Briti sh Army Ca v ing Assoc . (1989 ) . 
reading were measured, and the 
temperature and pH readings were 
cave. 
18 
collected water samples' 
recorded while inside the 
water samples were potentially subject to giving 
inaccurate pH readings. Because of the three-day lapse between 
the start of automatic collection from the cave stream and 
return visit for analysis, it was feared tha t pH readings 
could have been inaccurate. To test potential pH inaccuracy 
within collected water samples, a pH check system was 
i mplemented . An extra water sample was collected every trip 
to the cave. The pH value was measured, then, the sample was 
p l aced under the automatic water sampler's cover, uncapped. 
Upon return, the pH reading of the control sample was 
measured, and it was compared to the reading taken three days 
earlier. The changes ranged from 0.05 to 0.16 of a pH 
measurement. 
The researcher conducted chemical analysis of the water 
samples immediately after retrieving them from the cave and 
r e turning to the lab at Western Kentucky University. A Hach 
c hemistry kit was used for the water analysis. The water 
s amples were titrated for alkalinity, total hardness, and 
c alcium concentrations, by using the procedures and reagents 
outlined within the Hach manual. Bicarbonate was assumed to 
be the only species c ontributing to alkalinity. Magnesium 
c once ntrations were derived from subtraction of calcium 
c oncentrations from total hardness concentrations. An 
1. 
alkalinity check, similar in nature to the previously 
mentioned pH check system, was also conducted. The alk.alinity 
control and actual concentration differences ranged from 0.6 
to 1.3 mg/l, which were nonsignificant changes. Water 
temperature and the chemical species activities, which were 
calculated from the concentrations, were the parameters needed 
in the rate law of Plummer et al. (1978), h e r eafter referred 
to as the PWP expression. 
The rate l aw was tested against a four-week weight loss 
experiment. Initially, three natural calcite (iceland spar) 
cleavage fragments were chosen and measured for surface area 
to the nearest 0.01 cm2 and weight to the nearest 0.001 g. 
The s urface area and weight measurements were taken with the 
most accurate equipment available. The last significant 
figure variation for surface area measurements was + or -
0.05 , and weight measu r ements was + or - 0.005. Lengths of 
the cleavage fragments were measured with a hand held 
engineer ' s scale, and each fragment was weighed on a 
Sartorius-Werke AG Gottingen model 2402 mass balance. They 
were placed within fine wire mesh bags, and were suspended 
within a hardware cloth basket. The basket was then wired to 
a metal rebar, embedded in cement and placed in the water with 
the rebar oriented vertically I allowing the basket t o be 
totally s ubmerged even during baseflow condit ions . 
To test the applicability of the PWP expression within 
natural field conditions, the actual measured weight lost from 
20 
the crystals were then compared against the predicted calcite 
loss derived from the PWP expression. Calculation of the 
predicted dissolution rate for each four hour water sample 
allowed determination of the rate behavior as a function of 
changing water flow conditions within that specific time 
period. The four hour segments were then summed to obtain 
total predicted weight loss during the entire study period. 
A computer program and spreadsheet were incorporated to 
expedite the predicted value calculations (Appendix A) • 
Chapter 3 
III. Results 
Two distinct storm events were encountered during this 
study . The most prominent one raised the stage height 
approximately one meter within a short period of time. The 
second storm event raised the stage height approximately 0.15 
meter s. However, the overal l stage height gradually declined 
throughout the study period (Figure 7). 
Graphs of cave water temperature versus time and ionic 
s t rength of the cave stream versus time both show distinctive 
upward trends throughout the entire study period (Figures 8 
a nd 9). Cave water temperature values ranged from 10.7 to 
12.8 ° c , and ionic strength values ranged from 0.0036 to 
0 . 0057. 
Concentrations of calcium, a lkalinity, and magnesium also 
followed the same overall upward trend throughout the study 
period (Figures 10,11, and 12 ). Calcium values ranged from 54 
mg/ l to 81 mg/l. Fluctuati ons of + or - 3 mg/ l throughou~ the 
study period occurred, but storm events brought about dramatic 
concentration decreases ranging from 5 mg/ l to 13 mg/ l . 
Alkalinity values ranged from 45 mg/ to 72 mg/l, 
21 
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fluctuation of + or - 2 mg/l throughout the study period, but 
storm events brought about dramatic decreases ranging from 3 
mg/l to 16 mg/l. Magnesium values ranged from 3 mg/l to 16 
mg/l with a typical fluctuation of + or - 3 mg/l, but dramatic 
decreases ranging from 3 mg/l to 12 mg/l occurred. The 
saturation index and pH values fluctuated throughout the 
entire study period (Figures 13 and 14). Saturation index 
values ranged from -0.85 to -0.02. The typical fluctuation 
was + or - 0.1, but dramatic increases and decreases occurred 
ranging from + or - 0.2 to 0.35. pH values ranged from 7.30 
to 8.00. There were typical fluctuations of + or - 0.05, but 
noticeable increases and decreases ranged from + or - 0.1 to 
0.4. 
Predicted calcite dissolution rates fluctuated 
throughout the stUdy period (Figure 15), although a slight 
downward trend in the latte r stages of the study is evident. 
Predicted rate loss values ranged from -0.00001 g/cm2 * 4 
hours to 0.00013 grams/cm2 * 4 hours. The predicted total 
weight loss for the entire study period was .0142 grams/cm2 . 
The actual measured crystal weight losses for the four week 
period for the three calcite cleavage fragments and predi_ted 
weight loss are contained in Table I. Fragment one lost 
0.0011 grams/cm2 , fragment two lost 0.0011 grams/cm2 , and 
fragment three lost 0.0007 grams/cm2 . Thus, the rate law 
tended to overpredict rates by a factor or about ten. 
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Table I. Calcite crystal weights and dissolution rates, 
FortIs Funnel Cave. 
Initial 
weight 
(g) 
8.400 
3 .815 
3.159 
Final 
weight 
(g) 
8 .381 
3.800 
3.150 
original 
are~ 
(em) 
17. 56 
13 .84 
12 .64 
Dissolution 
rate 
(g/em2 *916hrs) 
0.0011 
0.0011 
0.0007 
Predicted Dissolution Rate Loss: 
0.0142 (g/ em2 *916hrs) 
32 
The dissolution rates of the cleavage fragments were 
calculated by taking the difference between initial crystal 
weight and final crystal weight over 916 hours, which was the 
length of the study period, div i~ed by the surface area of the 
crystals. Calculated dissolution rates brought about the 
total crystal weight loss units of g/cm2 * 916 hours for the 
entire study period. The dissolution rate dissimilarities 
between the cleavage fragments stems from surface are? 
differences. More surface area in contact with water creates 
higher dissolution. 
Neglecting the masking ef fec t of sediment and based on 
estimated dissolution rate calculations (pp. 37-39), the rate 
study suggests that baseflow conditions dissolved the greatest 
amount of cave passage during the study period. During the 
33 
study period, 78% of the cave was dissolved while stage 
heights ranged between 0.15 and 0.381 meters (Figure 16). The 
cave stream stayed within these stage heights for 91% of the 
study period. 
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Chapter • 
IV . Discussion 
The discrepancy between the measured calcite loss and the 
predicted calcite loss by the PWP expression can be explained 
by the water chemistry at Fort's Funnel Cave, the position of 
Fort's Funnel Cave within the Buffalo Creek Drainage Basin, 
and the limits possessed by the PWP expression. The PWP 
expression tends to overpredict the amount of calcite loss 
when a system is near equilibrium (White 1984). 
Fort's Funnel Cave is situated at the lower end of the 
Buffalo Creek Drainage Basin (Figure 6). upstream of Fort's 
Funnel Cave, the underground stream possesses a fairly high 
gradient, but from For t 's Funnel Cave to Buffalo Spring the 
gradient flattens out. Therefore, the water coming from the 
major Girkin swallets travels over limestone from 6 to 12 
hours, and several smaller inputs donate water to Fort's 
Funnel Cave within 2 to 6 hours. The water reaching the cave 
has sufficient time to become buffered while passing o ver the 
Girkin and ste. Genevieve limestones; therefore, the water 
within Fort's Funnel Cave easily approaches equilibrium during 
baseflow conditions, and base flow conditions were dominant for 
91% of the study period. This consistent approach toward 
35 
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equilibrium can further be illustrated by the saturation 
indices ranging from -C . 15 to -0.30 within Fort's Funnel Cave 
during predominantly all of the study period, but reaching up 
to -0.85 during storm events (Figure 13). The almost constant 
water saturation with respect to calcite prompted the 
empirical rate law to overpredict by a magnitude of ten . 
Overprediction with the PWP expression held true within 
this natural setting as it has within the laboratory. It would 
perhaps be more accurate in predicting cal.cite dissolution 
rates within the upper reaches of karst drainage basins or 
cave passages where rain water initially entering is further 
from equilibrium at higher undersaturation values. 
Results of this study suggest that waters in at least 
some karst flow systems are close enough to equilibrium that 
modification of the PWP equation is suggested to enable it to 
accurately predict rates. 
The PWP predicted dissolution rate values were used in 
determining the importance of base flow · .... ater in forming caves. 
For this theoretical calculation, it was assumed that no 
sediment, which would mask water/ rock contact, was present. 
A bivariate plot was made of wetted perimeter values verSUb 
s tage height and a linear regression equation was created 
(Figure 17). The equation was used to determine a useable 
wetted perimeter value for each four hour segment of 
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the study period was accomplished. The predicted PWP rate law 
values and wetted perimeter values for each specific four hour 
period were then multiplied. This value indicated the amount 
of calcite dissolved per centimeter of passage length per 
second. When summed and divided back into each previous four 
hour value, t.he percentage of cave dissolved was given (Figure 
16) . 
This graph suggests that in the absence of sediment 
masking low flow conditions dissolved most of Fort's Funnel 
Cave during this study period. The reason stems from 91% of 
the study period being spent within low f low conditions. 
Therefore, this research suggest that baseflow conditions, 
throughout a given amount of time, are more important in 
forming cave passages than storm events. Sediment masking 
would, however, inhibit low flow dissolution rates. 
The overall trend of increasing ions present in the cave 
stream, throughout the study period , was an interesting 
feature of this research (Figure 9). This is likely due to 
the decrease of groundwater coming into the cave system, 
because of increased evapotranspiration. The study initially 
began when leaves were not present on the trees within tHe 
drainage basin. Upon completion of t he research, the spring 
foliage was in full prominence, and smaller groundwater 
amounts were reaching the study area, drivi ng ion 
concentrations up . 
Further study suggested by this work could involve 
I 
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applying the same research methods in a different location 
within the same drainage basin. Repositioning this research 
technique within the drainage basin could explain more about 
the specific water chemistry within Buffalo Creek Drainage 
Basin and the field applicability of the PWP expression within 
this area. Also, a longer study period would have more 
accurately depicted the cave dissolution effects occurring 
within this cave. A short study period, such as this 
research, is subject to being affected by an uncommon 
phenomenon (e.g., lOO-year storm event, drought, or numerous 
storm events), which would sway the results. 
Chapter 5 
v. Conclusions 
The calcite dissolution rate expression of Plummer et al. 
(1978) is a useful tool for predicting calcite dissolution 
rates. A weakness of the expression is that it tends to 
overpredict calcite dissolution rates as equilibrium is 
approached. These research results suggest that waters in 
some parts of karst flow systems exist close to equilibrium 
\.Ii th respect to calcite. 
accurate measure of 
Therefore, the PWP expression is an 
calcite dissolution rates in 
undersaturated conditions . Consistent undersaturated 
conditions would allow the equation to be used accurately in 
predicting calcite dissolutio n rates only within certain areas 
of karst drainage systems where undersaturation is dominant, 
or during storm events. 
Cave dissolution rates increase dramatically when storm 
events occur. However, the research results indicated that 
storm events did not occur frequently enough to be the 
dominating factor in cave passage development. Baseflow 
conditions, with their consistent saturation levels, were the 
driving forces behind cave passage developments. 
40 
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Code of QBASlc ·proqram tor calculation ot Plummer 
at a1. (1978) rate oquation. 
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Xl ... 0 
K2 0 
KJ 0 
K4 ... 0 
'Xl through X4 Are set equAl to zero AS to ensure that they have 
'no vAlue betore progressing vith the calculations. 
INP,,"T "t.1iAT IS THE TEMPERATURE IN DEGREES CELSIUS": TEMPC 
'It then ask for the teDperature in deqrees Celsius. 
TEHPX ... TEMPC + 273.15 
'TEMPK converts Celsius deqrees into Xelvin degrees, which are neede d later. 
Xl'" 10 ~ (.198 - (444 / TEMPX)) 
X2 ... 10 " (2.84 - (2177 / TEMPX) ) 
IF Xl < 298 THEN 
Xl - 10 " ( -5 .86 - ( l17 / TEMPK) 1 
ELSE 
Xl'" 10 ~ ( -1.1 - ( 1737/ TEMPX) I 
END IF 
PRI~T Xl 
PRINT X2 
PRI NT X3 
'Xl,X2,Xl are then cal ~ulA ted and printed . 
INPUT "WlfAT I S Till'.: CALC IUH CONCENTRATION IN MILLICRAMS PER LtTF.R"; CALC 
'It the " ". " : ~ I, ,,' 11,, · , -" ,I .d "", '""O,,,; ,, ,.tl"l'\" ; (>U;" ""J/ 1 . 
CALCM • CALC / ~OOIiO 
'CALeR converts calciUm concentrati ons ot mg/l i nto mol / I . 
INPUT "WHAT IS THE BICARBONATE CONCENTRATION I N MILLIGRAMS PER LITER"; BICMtB 
'It then ask for the bicarbonate concentration in mg/l . 
SICARBM - BICARB / 61000 
'It. thcn conv <:'. I"t.!' bic:trbonnt.e co ncentr,"lt.ion:o: of I:1g/ 1 int.o 1110 1/ .1 . 
Itll'u'r "WHAT I:.: '1'111': pH 1tJ::A1HNC"; pH 
'It t.hen ask for the pH reading. 
INPUT "WHAT IS TilE HAGNESIUM CONCENTRATION IN MILLIGRAMS PER LITER"; MAG 
'It then ask fo r t he magnesium concentration in "gi l. 
HAGM ... HAC / 2~305 
'It then converts the magnos ium c oncentrations ot mg/ l into ~ol/l. 
WWA - .00062 • T EM PC • • ~8786 
'WWA is the y- mx+b equation, or the best straight line tit equation, 
'of the ]I. con:;tant in tho OCbye-lluckel equation and te",pe rlltu"{"e ch<'lnge 
'from 5 degrees Celsius to 20 degreos Cclsius. 
OBHB .... 000158 ~ TEMPC + .32409 
'OBHB i~ the y-=x+b equation, or best straight line tit equation, 
'of the B constant in the OCbyc-lIuckel equation and temperature 
'change between 5 degrees Celsius and 20 degrees Celsius. 
IONSTR'" .5 • «CALC" • 4) + (KltC" • 4) + (BICARBM)) 
'IC ·STR is calculating the ionic strength, which is measuring the 
'to Mal "concentration of charged species in solution. 
ACTCOEFCALC '" 10 " -«WWA • 4 • (IONSTR " .5)) / {l + {6 '" DBHB' (IONSTR " . 5)) 
'ACTCOEFCALC is calculating the activity coefficient of caicium by using ... 
... 
ACTCA - ACTCOEFCALC • CALCM 
'ACTCA i s calcu l ating the activity ot calciuo by combining the activity 
' coetticient and molarity ot calciu~ . . 
ACTCOEFBICARB - 10 ~ -C(WWA • ( IONSTR ~ .5» I (1 + ( 4 • OBHB • (IONSTR ~ .5»» 
'ACTCOEFBICARB is calcula ting the activity coerricient o t bicarbonate 
'by using the Dobye-Huckel equation . 
ACTBlCARB - ACTCOEFBlCARB • BlCAR&~ 
'ACTBlCARB is calculating the activity ot bic arbonate by combin tnq the 
'activity coetticient and molarity ot bicarbonate. 
HY DROGEN _ 10 A ( -(pH» . 
'HYDROGEN is the concentration and activi t y or hydrogen ion present in 
·solution. 
8IGKONE - ( (7 .19 • 10 A - 9) • TEMPC) + (2.71 • 10 " - 7» 
'SIGKONE i s the y_nx+b equation, or best straight line t i t e quation, 
'ot the bicarbonate equilibrium constant ot carbOnate reactions 
'and temperature change from 5 degrees Cels ius to 20 degrees Celsius. 
BIGKTWO - ((9. 3 • 10 " -13) • TEMPe + (2 . 33 ·10" -11» 
'BIGKTWO is the y-mx+b equation , or best straight line fit equation , 
'o f the carbonate equilibrium constant ot carbonate reactions 
'and te=perature c hange from 5 degrees Celsius to 20 degrees Celsius. 
BIGKCALC - {( - J. 7J 5 • 10 ... -11) • TEMPe + (4.27 It 10 " -9 )) 
' BIGXCALC is the y .. x+b ~quation , or best straight line fit equation, 
'o f the calc i te equilib·'iu~ constant of carbonate r eactions 
'" nd t;O .. I"' .. r .... t·" r .. r h"n'1 r rom ~ d .. ., .... ~e" Ce l " I" " nnrl ;on d"qro"r. Co l !".iu,,_ 
M .. - n t ZCO] ' ( t\~"I· IIU.:t\ IIII · UVl)I IOG lm) I IH GKONY. 
'ACTH2COJ i~ calculating the activity ot carboni c acid by ~ultiplying 
' the activity of b icarbonate with the activity of hydrogen and d ividing 
'by the y-mx+b equation of t he bicarbonate equilibrium constant. 
X4 • (BIGKTWO / BIGKCALC) " « 10 • Kl ) + (1 / HYDROGEN . « K2 It ACTH2COJ ) + Xl» 
'X4 is calculating the X4 tera in the "PWP express ion". 
II.CTCOl _ (ACTIHCARn • DIGKTWO) I IIYDROGEN . I 
' ACTCOl is ca l c ulating the activity of carbonate by mul tiplyinq the 
'activity of b ica rbonate 1o"ith the Y-lIIx+b equation of the carbonate equilibriul:I 
'cons tant ~nd dividing by act ivity o t hyd rogen. 
OMEGA - (t\CTCA • ACTCOl / BI GKCALC ) 
'OMEGA is calculating t he omega value by dividing the ion activ i t y products 
' by the y- mx+b e quation for t he Qqui l ibriu~ constant o f calcite. 
5 1 _ LOG (OMEGA) I 2.l0J 
'51 is calculating t he satura tion index by :ultiplying oDega ~ith the nat ural 
' loq and dlV id i nQ by ' . )0). 
I'll 111'1' ~; I 
I 'WI ''' I KI ' H"'"!'I ~("; 1 /I 
PRINT PWPKl 
PWPK2 - X2 ~ ACTH2COl 
PRINT PWPK2 
PWPXJ - Kl 
PRINT Xl 
RA~ - (Xl • HYDROGEN) + (K2 • ACTH2COl) + Xl - eX4 • ACTCA • ACTBICARB) 
PRl roT " RATE IS"; RATE; " HILLII'!OLES PER CENTIKETER SOUARE PER SECONn" 
.. 
'" 
4 6 
APPENDIX B 
Raw Data from Study Period. 
running Corr. Temperature 51. Height Corr. Second Corr. pH Alkalinity 
hrs Running Hrs. Celsius Stage Stage HI. mgn 
.,. 0 11 .5 0.576 0.826 1.301 7.71 49.6 
"8 • 11.7 0.554 0.804 1.279 7.75 51 .2 422 8 11 .5 0.508 0.758 1.233 7.79 51 .2 
426 '2 11 .3 0.456 0.706 1.181 7.89 52 
430 '6 11.2 0.478 0.728 1.203 7.91 SO., 
434 20 10.7 0.471 0.721 1. 196 7.92 53.2 
438 2. 11 .2 0.481 0.731 1.206 7.9 52.4 
442 28 11 .3 0.483 0.733 1.208 7.92 51 .6 
446 32 11.4 0.48 0.73 1.205 7.92 52.8 
450 36 11.3 0.468 0.718 1.193 7.9 51 .2 
454 40 11.3 0.397 0.647 1.122 7.85 51.6 
'58 44 11.3 0.431 0.681 1. I 56 7.86 53.2 
462 48 11 .5 0.435 0.685 1.16 7.9 54 
466 52 11 .3 0.44 0.69 1.165 7 .• 54.4 
469 55 11.3 0.456 0.706 1.1 at 7 .• 54 .4 
473 59 11 .3 0.435 0.685 1.16 7.9 54 .4 
477 63 11.4 0.426 0.676 1.151 7.9 54.4 
48' 67 11.4 0.416 0.666 1.141 7.9 54.' 
485 71 1' .G 0.4 0.65 1.121 7 .• 54.4 
409 75 11 .7 0.373 0.623 1.098 7 .• 54.4 
493 79 1, .a 0.389 0.639 1.1 14 7.9 54.4 
497 83 11 .7 0.382 0.632 1.107 7.9 54.4 
50 , 87 11 .6 0.371 0.621 ' .096 7.9 54.4 
505 9 1 11 .5 0.356 0.606 1.081 7 .• 52.8 
50. 95 11 .5 0.352 0.602 Lon 7.7 52.S 
5,3 99 11 .4 0.356 0.606 1.081 7.7 52.8 
517 ,03 11 .3 0.348 0.598 1.073 7.7 52.8 
521 , 07 11.2 0.352 0.602 I .on 7.7 52.8 
525 11' 11 .2 0.339 0.589 1.064 7.7 52.8 
52. 115 11 0.335 0.585 1.06 7.7 52.S 
533 11. 11 0.342 0.592 1.067 7.7 52.8 
.. 
..., 
running Corr. Temperature 51. Heigh! Corr. Second Corr. p H Alkalinity 
hrs. Running Hrs Celsius Stag" Stage HI mgn 
537 123 11 .1 0.344 0.594 1.069 7.7 52.8 
541 127 11 .2 0.358 0.608 1.083 7.7 52.8 
545 131 11.2 0.381 0.631 1.106 7.61 61 .6 
549 135 11 .2 0.401 0.651 1.126 7.61 61.6 
553 139 11 .1 0.425 0.675 1.15 7.69 56 
557 143 11.1 0.473 0.723 1.198 7.65 58 
561 147 1 1.1 0.475 0.725 1.2 7.6 56.8 
565 151 11 .2 0.488 0.738 1.213 7.31 48.4 
569 155 11.4 0.476 0.726 1.201 7.58 57.6 
573 159 11.4 0.475 0.725 1.2 7.5 1 56 
577 163 11.3 0.472 0.722 1.197 7.42 56.8 
581 167 11 .3 0.473 0.723 1.198 7.31 53.2 
585 171 11.4 0.471 0.721 1.196 7.48 56.4 
589 175 11.6 0.471 0.721 1.196 7.46 59.6 
593 179 11.7 0.473 0.723 1. 198 7.53 57.2 
597 183 11.7 0.474 0.724 1.199 7.46 58 
601 187 11.8 0.474 0.724 1.199 7.52 56 
605 191 11 .9 0.476 0.726 1.201 7.54 60 
609 195 11 .9 0.466 0.71 6 1.191 7.47 56 
613 199 11.9 0.445 0.695 1. 17 7.4 7 56 
617 203 11 .9 0.452 0.702 un 7.84 44.8 
618 204 11 .9 0.445 0.695 1.17 7.84 44.8 
622 208 11 .9 0 .402 0.652 1.1 27 7.84 44.8 
626 212 11.9 0.365 0.635 1. 11 7.94 60.4 
630 216 1 1.9 0.381 0.631 1.106 7.94 60.4 
634 220 12 0.367 0.617 1.092 7.94 60.4 
638 224 12 0.371 0.621 1.096 8 62 
642 228 12 0.361 0.611 1.086 8 62 
646 232 12 0.341 0.591 1.066 8 62 
650 236 11 .9 0.358 0.608 1.083 7.91 60 
654 240 1 1.B 0.362 0.612 1.087 7.91 60 
... 
Q) 
running Corr. Temperature 51. Height COIr. Second Corr pH Alkalinity 
htS. Runnjng Hrs. Celsius Stage Stage HI. mg/l 
658 244 11 .9 0.359 0.609 1.084 7.91 60 
662 248 11.9 0.36 0.61 1.065 7.93 56 
666 252 11.9 0.359 0.609 1.084 7.93 56 
670 256 11.9 0.358 0.606 1.083 7.93 56 
67. 260 11.9 0.352 0.602 10n 7.96 62.8 
678 264 11.8 0.359 0.609 1 084 7.96 62.8 
682 268 11.8 0.333 0.583 1.058 7.96 62.8 
686 272 11.9 0.363 0613 1088 7.83 56 
690 276 11.9 0.366 0.616 1.091 7.83 56 
694 280 11.9 0.347 0.597 1 072 7.83 56 
698 284 11.9 0.356 0.606 1.081 7.69 52.5 
702 288 11.9 0.344 0.594 1.069 7.55 51.2 
706 292 11 .9 0.34 0.59 1.065 7.55 51.2 
710 296 11.9 0.352 0.602 I .on 7.49 49.6 
7 14 300 11.9 0.372 0.622 1.097 7.51 52.4 
718 304 12 0.312 0.562 1.037 7.51 52.4 
722 308 12 0.272 0.522 0.997 7.84 68 
726 312 12 0.256 0.506 0.981 7.84 68 
730 :J I G 12 0.232 0.<102 0.957 7.84 68 
734 320 12 0.178 0.428 0.903 7.82 63.6 
738 324 12 0.154 0.404 0.879 7.82 63.6 
7<12 3:'0 12 0.19 0.44 0915 7.82 63.6 
" <1G ~:Ji! 12 0. 1 !).1 0.4<14 0.919 757 65.6 
750 33G 121 0. 186 0.436 0.9 11 7.57 65.6 
754 340 12 0.182 0.432 0.907 7.57 65.6 
758 344 12 0.178 0.428 0903 7.82 64.6 
7G2 :l4rJ 121 0 17 0·12 0695 782 64 .6 
7GG :J:"2 121 0156 0400 oero 782 64.6 
770 35G 121 0.156 0.406 0881 7.66 64.4 
774 3GO 12 0.148 0.396 0873 7.66 64.4 
778 364 12.1 0.158 0408 0.883 7.66 63.6 
... 
'" 
running Corr. Temperature SI. Height Corr. Second Carr. pH Alkalinity 
hrs. Running Hts. Celsius Stage Stage Ht. mgn 
782 368 12 0.168 0.418 0.893 7.64 64.' 
783 369 12 0.172 0.422 0.897 7.7 65.6 
787 373 12.1 0.254 0.504 0 .979 7.75 68.8 
791 377 12.2 0.294 0.544 ':'019 7.73 63.8 
795 381 12.2 0.648 0.898 1.373 7.67 64 
799 385 12.2 3.08 3.33 3.805 7.68 62.5 
803 389 12.4 3.402 3.652 4.127 7.56 .8 
807 393 12.3 2.696 2.946 3.421 7.53 47.S 
811 397 12.3 2.294 2.544 3.019 7.46 47.2 
815 . 0 1 12.5 1.99 2.24 2.715 7.59 49.6 
819 405 12.6 1. 74 1.99 24S5 763 51 .2 
823 409 12.6 1.534 1764 2259 7 77 52.4 
827 41 3 12.5 1.364 1 634 2 109 78 52 
831 417 12.4 1.2sa 1.508 1.983 7.73 53.8 
835 .21 12.3 1.154 1404 1.879 7.69 52.8 
839 ' 25 12.4 1.048 1.298 1.773 7.75 64.8 
8.3 .29 12.S 0.942 1.1 92 1.S67 7.73 54.8 
847 433 12.7 0.89 \.14 1.6 15 7.82 55.6 
851 '37 12.7 0.8S 1.11 1.585 7.73 56 
855 . ., 12.7 0.814 1.064 1.539 7.7 55.2 
859 445 12.7 0.768 1.018 1.493 7.7 55.2 
863 449 12.6 0.664 0.914 1.389 7.7 55.2 
067 453 12.7 0.566 0.8 16 1.291 7.61 55.2 
871 .57 12.8 0.478 0.728 1.203 7.61 55.2 
873 .59 12.8 0.47 0.72 1.195 7.74 56.8 
877 .63 12.8 0.442 0.692 1.167 7.87 67.2 
881 .67 12.8 0.400 0.6sa 1. 133 7.83 63.8 
885 
." 12.8 0.37 0.62 1.095 7.71 59.6 
889 475 12.7 0.336 0 .566 1.061 7.78 59.6 
893 479 12.7 0.312 0.562 1.037 7.78 59.6 
897 '83 12.7 0.244 0.494 0.969 7.78 59.6 
'" 0 
runring Corr. Temperature St. Height Corr. Second Corr. pH Alkalinity 
hrs. Running Hrs. Celsius Stage Stage HI. mgn 
90' 487 12.8 0.174 0.424 0.899 7 .78 59.6 
905 49' 12.8 0.042 0.292 0.707 7.78 59.6 
909 495 12.7 -0.042 0.208 0.683 7.78 59.6 
9'3 499 12.6 -0.136 0.114 0.589 7.78 59.6 
917 503 12.6 -0.206 0.044 0.519 7 .78 59.6 
92' 507 12.6 -0.196 0 .054 0 .529 7.78 59.6 
925 511 12.7 -0.192 0.058 0.533 7.78 59.6 
929 5'5 12.7 -0.17 0.08 0.555 7 .78 59.6 
933 519 12.7 -0.134 0 .116 0.591 7.78 59.6 
937 523 12.7 - 0 .12 0 .13 0.605 7.92 66 
94' 527 12.7 -0.11 0 .14 0.615 7.92 66 
945 531 12.7 -0.11 0 .14 0 .615 7 .92 66 
949 535 12.7 - 0 .096 o 1501 0629 7 92 66 
953 !.>39 12.7 - 0 . l G4 O.OOG o :JG 1 792 GG 
957 543 12.8 -0.088 0.162 0.637 7.92 66 
961 ~4 7 12.0 -O'(Xi4 0. 106 0 .661 7 .92 66 
965 551 12.7 0 .028 0.278 0 .753 7.92 66 
970 55G 12.7 0 .136 0 .3OG 0 .861 7.92 66 
974 560 12.7 0.202 0.452 0 .927 7.92 66 
978 564 12.8 0 .218 0.468 0 .943 7 .86 66.4 
982 568 12.8 0 .224 0.474 0 .949 7 .83 67.6 
9a6 572 12.8 0 .22 0.47 0 .945 7 .88 66.8 
990 576 12.8 0.2 0.45 0.925 7.78 65.2 
994 sao '2.7 O. '9 0.44 0.9 '5 7.88 68.' 
998 584 12.7 0.202 0.452 0.927 7.81 68 
1002 5B8 12.7 0.194 0.444 0.919 7.58 63.6 
1006 592 12.8 0 .248 0 .496 0.973 7.76 65.2 
1010 596 '2.9 0.296 0.546 1.02' 7.75 66 
1014 600 '2.8 0.246 0.'96 0.97' 7.78 65.6 
1018 604 12.9 0.256 0.506 0.981 7.66 64 
1022 608 12.9 0 .276 0 .526 1.001 7.66 64 
'" ~
running Corr. Temperature St. Height Corr. Second Corr. pH Alkalinity 
hrs. Running Hrs. Celsius Slage Slage HI. mgn 
1026 612 12.9 0.27 0.52 0.995 7.66 64 
1030 616 12.9 0.25 0.5 0.975 7.66 64 
1034 620 12.9 0.198 0.448 0.923 7.79 64 
1038 624 12.9 0.196 0.446 0.921 7.79 64 
1042 628 12.8 0.19 0.44 0.915 7.79 64 
1046 632 12.9 0.19 0.44 0.915 7.79 64 
1050 636 12.9 0.182 0.432 0.907 7.79 64 
1054 640 12.7 0.172 0.422 0.897 7.79 64 
1058 644 12.8 0.138 0.388 0.863 7.79 64 
1062 648 12.7 0.134 0.384 0.859 7.79 64 
1066 652 12.7 0.128 0.378 0.853 7.79 64 
1070 656 12.6 0.132 0.382 0.857 7.79 64 
1074 660 12.6 0.124 0.374 0.849 7.79 64 
1078 664 12.5 0.116 0.366 0.841 7.79 64 
1082 668 12.6 0.098 0.348 0.823 7.9 71 .6 
1086 672 12.5 0.08 0.33 0.8OS 7.9 71.6 
1090 676 12.5 0.064 0.334 0.809 7.9 71 .6 
1094 680 12.5 0.082 0.332 0.807 7.9 71.6 
1098 684 12.5 0.098 0.348 0.823 7.9 71.6 
11 02 688 12.5 0.194 0.444 0.919 7.9 71 .6 
1106 692 12.5 0.222 0.472 0.947 7.9 71.6 
1110 696 12.5 0.166 0.436 0.911 7.9 71 .6 
1113 699 12.5 0.166 0.416 0.891 7.9 71 .6 
1117 703 12.7 0.178 0.428 0.903 7.9 71 .6 
1121 707 12.5 0.14 0.39 0.865 7.9 71 .6 
1125 711 12.6 0.124 0.374 0.849 7.' 71.6 
1129 715 12.6 0.13 0.38 0.855 7.72 69.6 
1133 719 12.6 0.124 0.374 0.649 7.72 69.6 
11 37 723 12.5 0.146 0.396 0.871 7.72 69.6 
1141 727 12.5 0.378 0.628 1.103 7.72 69.6 
1145 731 12.7 0.414 0.664 1.139 7.77 69.6 
II> 
'" 
running Carr. Temperature SI. Height Corr. Second Carr. pH Alkalinity 
hrs. Running Hrs. Celsius Stage Stage Ht mgn 
1149 735 12.7 0.342 0 .592 1.067 7.73 69.6 
1153 739 12.7 0.276 0 .526 1.001 7.76 63.2 
1157 743 12.7 0 .235 0.485 0.96 7.78 63.2 
1161 747 12.7 0.204 0.454 0.929 7.64 63.2 
1165 75' 12.7 0.184 0.434 0.909 7 .68 65.6 
1169 755 12.7 0 .158 0.406 0.883 7.73 67.6 
1173 759 12.7 0 .122 0 .372 0.847 7.67 66 
11n 763 12.7 0 .104 0 .354 0.829 7.67 66.4 
1181 767 12.7 0 .096 0 .346 0.821 7 .72 68 
1185 771 12.6 0.096 0.346 0 .821 7 .71 68 
1186 772 12.6 0.076 0 .326 0 .801 7 .69 67.2 
1192 778 12.69 0.098 0.348 0.823 7.77 66.8 
1198 784 12.6 0.102 0 .352 0.827 7.83 66.8 
120< 790 12.6 0.092 0 .342 0.8 17 7.78 68.4 
1210 796 12.6 0.084 0.334 0.809 7.8 68.4 
1216 802 12.5 0.08 0.33 0.805 7.8 68 
1224 8'0 12.5 0.076 0.326 0.801 7.77 68 
1230 816 12.4 0.042 0 .292 0.767 7.85 69.2 
1236 822 12.4 0 .056 0.306 0.761 7.79 69.2 
1242 828 12.4 0.06 0.31 0.785 7.85 66.4 
'248 834 12.3 0 .028 0.278 0.753 7 .92 68.4 
1254 840 12.3 0.014 0.264 0.739 7 .77 67.2 
'260 846 12.3 - 0 .03 0 .22 0.695 7.7 67.2 
'266 852 12.3 -0.088 0.162 0.637 7.79 67.2 
1272 858 12.2 -0.088 0.162 0.637 7.67 66 
1278 864 12.2 - 0 .078 0 .172 0.647 7.67 66 
1284 870 12. 2 -0.092 0 .158 0. 633 7.83 69.2 
1290 876 12.1 -0.096 0 .154 0.629 7.75 69.2 
,296 882 12.2 -0.092 0.158 0.633 7.78 71.2 
'302 888 12.2 -0.098 0.152 0.627 7.77 7'.2 
,308 894 12.1 -0.098 0.152 0.627 7.74 70.4 
'" w 
rum"ing Corr. 
hrs. Running Hrs. 
1313 
1317 
1321 
1325 
1329 
1333 
1337 
1341 
1345 
1349 
1353 
1357 
1361 
sl. hI. wet. per. 
0.5 
0.75 
1 
1.25 
15 
1.75 
2 
2.25 
2.5 
2.75 
3 
3.25 
899 
903 
907 
911 
915 
919 
923 
927 
931 
935 
939 
943 
947 
2.4 
2.9 
3.4 
4 
4 6 
52 
5.7 
6.3 
6.9 
7.5 
6.1 
6.7 
T emperalure 
Celsius 
12.2 
12.2 
12.2 
12.2 
12.2 
12.2 
12.2 
12.2 
12.2 
12.2 
12.2 
12.2 
12.2 
SI. Heighl Corr. Second Corr. 
Siage Siage HI. 
-0.002 0.158 0 .633 
-0.116 0.134 0.600 
-0.174 0.076 0 .551 
- 0 .192 0.058 0 .533 
-0.206 0.044 0.519 
-0.222 0.028 0.503 
-0.202 0.048 0.523 
-0.18 0 .07 0.545 
-0.2 0.05 0 .525 
- 0 .204 0.046 0 .521 
-0.208 0.042 0 .517 
-0.222 0.028 0.503 
-0.214 0 .036 0 .511 
Regression Output: 
Constant 
Sid Err of Y Est 
R Squared 
No. of Observntions 
Degrees of Freedom 
X Coefficient(s) 
Std Err of Coel. 
2.2971428571 
0 .011131 6747 
pH 
7.85 
7.81 
7.78 
7.78 
7.65 
7.73 
7.72 
7.75 
7 .75 
7 .74 
7.7 
7.67 
7 .69 
1.164761 
0.046567 
0.999694 
15 
13 
Alkalinity 
mgn 
70.4 
71.2 
71 .2 
68.4 
6804 
68.4 
68.8 
68.8 
68.8 
68.8 
70.8 
70.8 
70.8 
'" ... 
Corr. Total Calcium Magnesium 
Running Hrs. Hardness mgn mgn 
0 64 59 5 
4 66 60 6 
8 71 63 8 
'2 66 62 4 
16 67 58 9 
20 68 56 12 
24 67 6 1 6 
28 65 62 3 
32 68 58 10 
36 74 58 16 
40 69 65 4 
44 69 59 10 
48 72 60 12 
52 69 6" 7 
55 69 f2 7 
59 69 02 7 
63 69 62 7 
67 69 62 7 
7, 69 62 7 
75 69 62 7 
79 69 62 7 
83 69 62 7 
.7 69 62 7 
91 67.6 63.2 4.4 
95 67.6 63.2 4.4 
99 67.6 63.2 4.4 
103 676 63.2 4.4 
107 67.6 632 44 
111 67.6 63.2 4.4 
115 67.6 63.2 4.4 
119 67.6 -632 44 
Corr. Total 
Running Hrs. Hardness 
123 67.6 
127 67.6 
131 68.8 
135 68.8 
139 69.6 
143 69.6 
147 70 
151 692 
155 70 
159 69.2 
163 704 
167 72 
171 70 
175 73.2 
179 69.6 
103 60 ? 
107 7 1\ ? 
191 68 
195 60 8 
199 688 
203 / 1 t , 
204 71.6 
208 71.6 
212 72 
~ lG 70 
220 n 
224 720 
228 72.8 
232 72.8 
::!JLi /.1 It 
240 74.8 
Calcium 
mg/I 
63.2 
63.2 
63.6 
63.6 
63.6 
61.6 
63.2 
65.2 
66 
624 
624 
65.6 
644 
64 
65.2 
64 
nr 
G2 
61.6 
6 1 6 
' .1\ 
58 
58 
60 
r.o 
60 
G5.2 
65.2 
652 
tll •. U 
.66.8 
Magnesium 
mg/l 
4A 
4A 
5.2 
5.2 
6 
8 
6.8 
4 
4 
6.8 
8 
6A 
5.6 
9.2 
4A 
52 
07 
6 
7.2 
72 
l :I G 
t3.6 
13.6 
12 
17 
12 
7.6 
7.6 
76 
U 
8 
'" 
'" 
Carr Tota l Calcium Magnesium 
Running Hrs Hardness mg/l mgn 
244 748 66.8 8 
248 75.6 64.8 10.8 
252 75.6 64.8 10.8 
256 75.6 64.6 10.8 
260 71 .2 65.2 6 
264 71 .2 65.2 6 
268 71.2 65.2 6 
272 75.2 68 7.2 
276 75.2 66 7.2 
260 75.2 66 7.2 
264 71 .5 66 5.5 
266 68 64 4 
292 66 64 4 
296 70.4 64.8 5.6 
300 71 .6 63.2 6A 
304 71.C 63 6A 
308 75.2 6- 6 7.6 
3'2 75.2 67 6 7.6 
3 ' 6 75.2 67.6 7.6 
320 76 66 '0 
324 76 66 10 
326 76 66 10 
332 76 70 8 
336 78 70 6 
340 70 70 6 
344 17.6 G6 9.G 
346 77.6 68 9.6 
352 17.6 68 9.6 
356 79.6 70 9.6 
3GO 79.6 70 9.G 
3G4 784 71 7.4 
-_._._ ... 
. .. -~ .. --...... 
Running Hrs. Hardness mgtl mgA 
36B 77 73 4 
369 755 69.6 6.2 
373 74 66.4 7.6 
377 76.2 66.B 9A 
3B1 76 B 69 2 7.6 
385 71 6 66 5.6 
3B9 624 54.4 B 
393 60 54 .4 5.6 
397 62.4 544 B 
401 63.2 56 7.2 
405 636 56 7.6 
409 64 .B 56.8 B 
413 65.2 58.4 6.B 
417 66 56 10 
421 65.6 5B 7.6 
425 68.8 60.4 BA 
429 66 61 2 4.8 
433 67.6 ·.i2 5.6 
437 684 r.2 .; 6 
441 70 62.4 7.6 
445 70 62.4 7.6 
>1 .. m 70 G? .-1 76 
"53 72 62 10 
457 72 62 10 
459 71.6 64.8 6.8 
463 75.2 64 11.2 
467 74 63.2 10.8 
471 74 64 .4 9.6 
475 74.4 66 8A 
479 7.-1.4 66 8.4 
483 74.4 66 8.4 
Corr. TOla l 
Running Hrs. Hardness 
487 74.'J 
49' 74.4 
495 74.4 
499 74 .~ 
503 74.4 
507 74.4 
511 74.4 
5'5 74.4 
5'9 74.4 
523 75.6 
527 75.6 
53' 75.6 
535 75.6 
539 75.6 
543 75.6 
547 75.6 
55' 75.6 
5GG 75.G 
560 75.6 
564 00 
568 82 
572 706 
576 79 
580 78 
584 75 
580 80 
592 83 
596 86 
600 76 
G04 7B 
608 78 
Calcium 
mgn 
66 
66 
66 
66 
66 
66 
66 
66 
66 
67 .2 
67.2 
67.2 
67.2 
67.2 
67.2 
67.2 
67 " 
G'I .2 
67.2 
73.6 
72 0 
704 
7' 
68 
65 
75 
73 
74 
68 
72 
72 
Magnesium 
mgn 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8A 
8.4 
8.4 
8.4 
8.4 
8.4 
8A 
8A 
BA 
8A 
6.4 
92 
!l? 
8 
'0 
'0 
5 
'0 
'2 
8 
6 
6 
'" 
'" 
Corr. Total 
Running Hrs Hardness 
6'2 78 
6'6 78 
620 85 
62< 85 
628 85 
632 85 
636 85 
640 85 
64' 85 
645 85 
652 85 
656 85 
660 85 
66~ 85 
668 76 
672 76 
676 76 
680 70 
684 76 
688 76 
692 76 
690 70 
699 76 
703 76 
707 76 
711 10 
7' 5 79.2 
7'9 79.2 
723 79.2 
727 7!J.2 
73 ' 79.2 
Calcium 
mg~ 
72 
72 
7< 
74 
74 
74 
7' 
7' 
" 7·; 
74 
7·; 
7·: 
74 
69 
69 
69 
69 
69 
69 
(9 
UO 
69 
69 
69 
GO 
70.4 
70.4 
70.4 
70.4 
·70A 
Magnesium 
mgn 
6 
6 
11 
11 
11 
11 
11 
11 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
8.0 
8.8 
8.8 
0.0 
8.8 
'" o 
Corr. Total Calcium Magnesium 
Running Hrs. Hardness mgn mgtl 
735 79.2 70.4 8.8 
739 78.8 65.2 13.6 
743 78.8 65.2 13.6 
747 78.8 65.2 13.6 
75' 77.2 68 9.2 
755 76.4 72.4 4 
759 77.6 69.2 8.4 
763 78.8 70 8.8 
767 81.2 71 .6 9.6 
771 81 .2 71 .6 9.6 
772 82.4 73.2 9.2 
778 82 74 8 
784 82 74 8 
790 81 .6 74 .8 6.8 
796 81.6 74 .e 6.8 
802 83.2 76 , 6.8 
8'0 83.2 76.4 6.8 
8'6 8' 76.4 7.6 
822 8' 76.4 7.6 
828 82 76.8 5.2 
834 82 76.8 5.2 
840 84.4 77.6 6.8 
846 64.4 77.6 6.0 
852 84.4 77.6 6.8 
858 84.8 78.4 6.4 
BS4 84.8 78.4 6.4 
870 81.2 77.6 3.6 
876 81 .2 77.6 3.6 
882 88 80 8 
888 88 80 8 
894 92 ·77.2 14.8 
COTr TOlal Calcium Magnesium 
Runfllng Hrs Hardness mg~ mg/l 
a99 92 772 14.B 
903 92.a 7a 14.B 
907 92.B 7a 14.B 
911 BB.B 79.6 9.2 
915 88.a 79.6 9.2 
919 B8.B 79.6 9.2 
923 90.8 80.B 10 
927 90.8 BO.6 10 
931 90.6 ao.a 10 
935 90.B ao.a 10 
939 aa 79.6 a.4 
943 aa 79.6 a.4 
947 as 79.6 8.4 
